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ABSTRACT
INVESTIGATING MECHANISMS OF CO-OCCURRENCE BETWEEN TWO
SIMILAR SPECIES OF PREDACIOUS DIVING BEETLES (COLEOPTERA:·

DYTISCIDAE) IN TEMPORARY AQUATIC HABITATS
by Kristopher Alexander Pitcher
May 2011
Predaceous diving beetles (Coleoptera: Dytiscidae) are a model group of
organisms for testing coexistence and exclusion mechanisms because numerous species
of the family interact in isolated, aquatic habitats, and are ubiquitous throughout
landscapes. Two morphologically similar species, laccophilus fasciatus rufus and

Laccophilus proximus, co-occur in numerous habitats in South Mississippi, but are
hypothesized to have strong interspecific interactions. I investigated several possible
mechanisms that may promote such coexistence, including segregation in habitat domain,
differences in behavior, and differences in dispersal that may allow co-occurrence
between these two species of beetle. Habitat domain and behaviors such as activity and
prey consumption were quantified in the lab using instantaneous scan censuses and prey
competition trails; dispersal was quantified in the field using artifical ponds. Behavioral
assays showed no significant difference in habitat domain or behaviors between species,
regardless of intra- or interspecific densities. Mass change due to prey consumption was
also not affected by intra- or interspecific densities. In the field , L. proximus exhibited a
higher dispersal rate compared to L. f rufus, but was not affected by either intra- or
interspecific densities. Segregation of habitat domain and behavioral differences are
likely not adequate mechanisms explaining within habitat co-occurrence in these two
11

similar species. However, variation in dispersal may allow temporary co-occurrence of
these species among habitats. Other mechanisms that may better explain within habitat
co-occurrence are discussed. Understanding and identifying these mechanisms of
coexistence may assist in the general understanding of multi-predator interactions beyond
the family Dytiscidae.
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CHAPTER I
INTRODUCTION
Problem Statement
Temporary aquatic ecosystems are known to contain a variety of coexisting
invertebrate predators that commonly occur in overlapping habitats (Batzer & Wissinger,
1996; Wilbur, 1997). Typical explanations for the coexistence of these predators are
niche differentiation and character displacement (Zimmerman, 1959; Levins & Culver,
1971; Schluter & McPhail, 1992; Pritchard & Schluter, 2001; Resetarits, 2001).
Originally, the Volterra-Gause principle of competitive exclusion would have deemed
coexistence of predators possible if they had different competitive effects on each other
(i.e., predators with the same competitive advantages and food sources should not
coexist) (Chase & Leibold, 2003). However, the niche concept, summarized by Chase
and Leibold (2003), states that no two species can occupy the same physical space nor
have the same prey unless they each reach the minimum requirements to prevent their
own extinction within the habitat. In other words, multiple competitive predatory
interactions should be reduced as predators divide into separate niches.
Niche separation may be achieved spatially or temporally, where species may
separate either by location or through time within an aquatic habitat (Chase & Leibold,
2003). Niche separation may also occur as a result of character displacement, where
evolved character adaptations allow multiple species to exploit separate resources and
reduce competition for shared resources (i.e., food) (Schluter & McPhail, 1993; Pritchard

& Schluter, 2001, Schluter, 2002). A reduction in competitive interactions due to
character displacement and subsequent niche separation may then lead to coexistence
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(Chase & Leibold, 2003). Niche separation may explain coexistence in many systems,
but for predatory generalists that are similar in morphology (e.g., exhibit low character
displacement) and occupy similar spatial niches (e.g., temporary aquatic ecosystems),
their individual niches can be difficult to delimit and differences among their niches may
be difficult to recognize. As a result, niche differentiation may either inadequately
explain co-existence among these species, or may only be measurable at such a fine
spatial or temporal resolution that it is difficult to empirically detect.
Predaceous diving beetles (Coleoptera: Dytiscidae) represent one example of a
group of predators whose coexistence patterns within habitats may not be a result of
niche differentiation. Many dytiscid species are ubiquitous, generalist predators that
commonly coexist in relatively high densities, and also appear to occupy similar or
overlapping niches within temporary habitats (Zimmerman, 1959; Nilsson & Soderberg,
1996; Larson et al., 2000). Thus, in the case of dytiscids, niche differentiation may be
inadequate to explain their coexistence. Instead, dytiscid coexistence may be more
directly affected by competitive intra- and interspecific interactions (Zimmerman, 1959;
Juliano & Lawton, 1990a, 1990b; Schneider & Frost, 1996; Kehl & Dettner, 2003; Hart
& Marshall, 2009), dispersal behaviors (Schneider & Frost, 1996; Kehl & Dettner, 2003),

or a combination of these mechanisms.
Intra- and interspecific competition among predators within ecosystems are important
interactions that not only affect prey populations and subsequent lower trophic levels, but
can also affect abundance, richness, and coexistence of the predators themselves
(Schneider & Frost, 1996; Carlson et al. , 2009). However, niche differentiation and
competitive exclusion imply that interspecific competition among predators should be

3
reduced over time because predators may undergo character displacement and develop
unique and separate niches or else drive weaker competitors in the same niche to
extinction, thus creating less competition (Pritchard & Schluter, 2001; Schluter, 2003;
Hart & Marshall, 2009). Such reductions in competition suggest that intraspecific
competition will have a stronger effect on predator coexistence because interspecific
interactions should become less frequent over time (Levins & Culver, 1971 ; Hart &
Marshall, 2009). However, increased intraspecific competition among predators may
directly reduce interspecific competition; interspecific interactions can persist when one
of the species competes more actively among themselves than with other species that are
less competitive (Levins & Culver, 1971; Hart & Marshall, 2009). Thus, a weaker
competitor can share a niche with a stronger competitor if the stronger competitor
interacts more with conspecifics than with the weaker competitor. This relationship is
considered unstable over multiple generations and exclusion should eventually occur
(Chase & Leibold, 2003). However, this unstable relationship may be sustained for an
indeterminate period of time as a result of stochastic events in the environment (e.g.,
drying of temporary habitats) (Hubble, 2005, 2006).
Dytiscids have been hypothesized to exhibit both intra- and interspecific
competition (Zimmerman, 1959, 1960; Juliano & Lawton, 1990a, 1990b), though most of
these interactions are often only noticeable during the larval stage and are relatively
absent in the adult stage (Juliano & Lawton, 1990a, 1990b). However, ecological theory
suggests that interspecific competition should be observable among predators in
temporary aquatic systems, especially among morphologically similar adult dytiscid
species (Zimmerman, 1959, 1960; Juliano & Lawton, 1990a, 1990b; Schneider & Frost,
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1996; Kehl & Dettner, 2003; Hart & Marshall, 2009). This raises the question as to why
interspecific competition between morphologically similar adult dytiscid species has not
been commonly observed. One possible explanation is that competing dytiscid species
are more affected by intense intraspecific adult competition than by interspecific
competitive interactions (Levins & Culver, 1971; Hart & Marshall, 2009); this in turn
may facilitate the coexistence of similar species.
Another possible explanation for the absence of observed interspecific
competition between morphologically similar dytiscid species is neutral theory (Hubble,
2005, 2006). Neutral theory assumes that species are functionally equivalent, and states
that coexistence and non-random community structures can occur due to random
stochastic events rather than niche differentiation (Hubble, 2005, 2006). Thus,
coexistence of morphologically similar dytiscid species may be due to random stochastic
events such as the exsiccation of temporary ponds, randomized dispersal, limited
colonization, and low larval recruitment. Multiple dytiscid species may be able to
survive in these short lived habitats because the time allotted for competition is not long
enough to allow the dominant competitors to exclude or drive to extinction the weaker
competitors (Hubble, 2005, 2006). Similarly, if closely competing dytiscid species
randomly disperse, or the stronger competitors have limited colonization, the weaker
competitors may be able to sustain their populations within habitats or seasons devoid of
the stronger competitors (Hubble, 2005, 2006); as a result, some weaker competitors will
dominate in these refuges (Hubble, 2005, 2006). If enough refuges are occupied to
sustain the population, the weaker species should remain in the landscape indefinitely and
continue to re-colonize habitats where stronger competing species are present (Hubble,
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2005, 2006). Fluctuating larval recruitment also may be a stochastic process that allows
the coexistence of multiple dytiscid species. Larval dytiscid mortality is thought to be
very high and density dependent (Juliano & Lawton, 1990b). As a result, the larvae may
reach the adult stage at such a low density that coexistence is achieved in the adult stage
due to limited negative interactions. In this environment of reduced interspecific
interactions, multiple species can evolve to become ecologically equivalent without either
species being excluded or driven to local extinction.
Fluctuating habitats, along with low larval recruitment and dispersal limitations,
may suggest that many morphologically similar dytiscid species are ecologically
equivalent and exist solely due to stochastic events (e.g., dispersal, larval recruitment)
that occur before or during adulthood. It would be necessary to determine the population
and metapopulation dynamics of dytiscid species to ascertain whether stochastic events,
niche differentiation, or something in-between is driving patterns of coexistence (Hubble,
2005, 2006; Leibold & McPeek, 2006; Adler et al., 2007). Unfortunately, neutral
mechanisms of dytiscid co-existence are difficult to detect at this time, as methods for
observing metapopulation dynamics of dytiscids ( e.g., population genetics, dispersal
behaviors, dispersal patterns) are currently lacking.
Another explanation for the apparent coexistence of multiple dytiscid predators
may lie in their dispersal and colonizing behaviors. At both the community and
population level, colonization and dispersal of adult dytiscids can have a significant,
cascading effect on the biodiversity and population densities of lower trophic levels, and
may also facilitate coexistence among dytiscid species (Rundle et al., 2002; Carlson et
al., 2009). The ability of adult dytiscids to actively move among different aquatic
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habitats allows them to be ubiquitous throughout a region, to affect the invertebrate
composition of multiple habitats and habitat types, and to make behavioral choices based
on the predatory composition of habitats (Rundle et al., 2002; Bowler & Benton, 2005).
This in turn may create non-random dytiscid assemblages wherein coexistence occurs
(Rundle et al., 2002; Bowler & Benton, 2005; Vamosi & Vamosi, 2007). Also, certain
adult dytiscid species display seasonal migrations between ephemeral and permanent
aquatic habitats (Frenando, 1958). Adult dytiscids migrate to permanent habitats for
overwintering or for an alternative habitat when temporary habitats begin to exsiccate
(Batzer & Wissinger, 1996; Velasco & Millan, 1998; Davy-Bowker, 2002). In these
cases, temporary habitats can be selectively utilized for breeding and feeding, or for
refuge from predators and competitors allowing coexistence of dytiscids due to lower
interspecific interactions (Schneider & Frost, 1996). All of these dispersal and colonizing
behaviors may help explain dytiscid coexistence.
Another possible explanation for dytiscid coexistence is that both competition and
dispersal/colonization behaviors jointly facilitate dytiscid coexistence. Inter- and
intraspecific competition between adult and larval dytiscids may be a strong contributing
biotic factor triggering adult colonization and dispersal responses (Schneider & Frost,
1996). It has been suggested that dytiscid species composition is reflective of
successional patterns that are dependent on biotic factors (e.g., inter and intraspecific
competition) in temporary aquatic habitats (Schneider & Frost, 1996; Kehl & Dettner,
2003). Adult dytiscid species may colonize and disperse at different stages of an aquatic
habitat depending on the competitive effects that they exhibit within the given habitat
(Larson, 1985). These competitive effects may include a decrease in prey availability or
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an increased chance of certain species becoming prey for larger or similar sized dytiscid
species. For some dytiscid species, colonization and dispersal may be dependent on the
current dytiscid assemblage of the aquatic habitat (Larson, 1985; Resetarits, 2001 ). For
example, adult Laccophilus have been shown to be early colonizers of temporary aquatic
habitats (Balfour-Browne, 1950; Young, 1954). Laccophilus proximus specifically seems
to exhibit traits of a pioneer species of new habitats, perhaps to avoid other dytiscid
species (Balfour-Browne, 1950; Young, 1954). lfinter- and intraspecific competition
and dispersal behavior explain succession among dytiscid assemblages, then these
competitive interactions also may be an integral part in predicting the occurrence and
densities of a number of dytiscid species over time (Larson, 1985). If dytiscid species
occurrence and densities over time can be predicted, their top-down cascading effects on
the diversity and density of numerous other aquatic organisms can be better understood
across temporal and spatial scales (Larson, 1985; Carlson et al., 2009).
Although dytiscids may be a valid model organism for exploring the mechanisms
behind predator coexistence in temporary habitats, studying the ecology of this family of
beetle has additional benefits. Dytiscids, as avid dispersers, colonizers, and aquatic
predators, likely have important ecological roles in aquatic habitats at both the local and
regional scales (Binckley & Resetarits, 2005; Resetarits & Binckley, 2009). Little is
known about the behavioral ecology of most dytiscids, and only a few studies have
specifically looked at individual species and their intra- or interspecific relationships
(Juliano & Lawton, 1990a, 1990b; Zimmerman, 1960; Kehl & Dettner, 2003; Yee et al.,
2009; Yee, 2010). Information on species-specific dytiscid behavior could prove useful
for a number of reasons. First, a general quantifiable understanding of top down effects
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of certain species of dytiscids on temporary aquatic food webs could assist in
understanding the formation of stable, dynamic aquatic habitats with high biodiversity
(Carlson et al., 2009). In this regard, certain species of dytiscids could be used as
bioindicators for habitat health, or as predatory diversity facilitators (Kholin & Nilsson,
1998; Fairchild et al., 2000; Fairchild et al., 2003; Binckley & Resetarits, 2005). Second,
when looked at from a human health perspective, a better understanding of what
facilitates dytiscid coexistence may play an important part in the understanding of their
role as a natural control for medically important mosquito larvae (Aditya et al., 2006;
Carlson et al., 2009; Culler & Lamp, 2009). Finally, the family Dytiscidae is a potential
model group for addressing a number of ecological concepts (e.g. , niche theory, intraand interspecific interactions, top down effects on trophic levels), as this family is
morphologically and behaviorally diverse, and its species co-occur in many habitats at
high population densities.
Study Organism

Classification and Identification
Dytiscidae are one of the ten families of beetles under the suborder Adephaga
(Order Coleoptera). This family consists of about 160 genera and 4,000 species
worldwide (Larson et al., 2000). In North America, there are approximately 500 species
that vary dramatically in shape and size (Larson et al., 2000). Dytiscids have numerous
specific external anatomical features that lead to species identification (Epler, 1996;
Larson et al., 2000). However, it is commonly considered difficult to identify adults, and
to a greater extent larvae, to species. This is attributed to a general lack of available keys
as well as a number of morphological characteristics that are often hard to distinguish.
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Fortunately, ifregional keys are available, and one has access to a variety of dytiscid
genera and species to compare with, the process can become relatively simple. However,
most larval dytiscids can only be identified to the genus level for lack of species level
keys (Larson et al., 2000). Although there is no known comprehensive adult dytiscid
species list for Mississippi, I have identified 23 species (four not listed since found
separately from the study habitats) from varying aquatic habitats within a 40-mile radius
of Hattiesburg, MS (Table IA). Individuals were identified using keys by Epler (1996)
and Larson et al. (2000). This survey is neither extensive nor complete, but it provides
preliminary information concerning the species richness of the family within the study
area.
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Table 1: Total number and % abundance of species of dytiscids found within 67 lentic
aquatic habitats within a 30 mile radius of Hattiesburg, MS from May to September
2009.
May Jun.

Species
Laccophilus fasciatus rufus
Uvarus lacrustris
Laccophilus p roximus
Andocheilus exiguus
Neoporus lynceus
Liodessus crotchi
Copelatus glyphicus
Thermonectus nigrofasciatus basillaris
Bideossonotus inconspicuus
Coptotomus loticus
Agabus Punctatus
Copeleatus chevrolati
Rhantus calidus
Hydrovatus platycornis
Neoporus floridanus
Hydaticus bimarginatus
Hydroporus oblitus deflatus
Hydroporous ru.ficeps
Matus ovatus blatchey__i
Total

50
37
32
16
10
9
2
6
0
0
2
0
1
0
1
0
1
0
0
167

170
86
40
10
38
23
6
9
1
1
1
1
0
2
1
0
0
1
1
391

Aug. Sept.
44
17
22
65
1
6
10
4
0
5
0
2
2
0
0
1
0
0
0
179

107
26
16
0
1
1
7
2
8
1
0
0
0
0
0
0
0
0
0
169

Total % abundance
371
166
110
91
50
39
25
21
9
7
3
3
3
2
2
1
1
1
1
906

40.9
18.3
12.1
10.0
5.5
4.3
2.8
2.3
1.0
0.8
0.3
0.3
0.3
0.2
0.2
0.1
0.1
0.1
0. 1

Life History
The life histories of many dytiscids are not well known. Larval and adult
dytiscids are commonly found in the same aquatic habitats, although the larvae are
usually clustered and adults are more widely distributed (Epler, 1996; Larson et al.,
2000), likely due to the vagility of adults. All dytiscids follow a similar developmental
pattern. Eggs are laid either on the water surface, on submerged plants, or within aquatic
vegetation (Larson et al., 2000). After hatching, larvae pass through three instars, with
each stage increasing the size of the individual. At the end of the third instar, larvae
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leave the water and enter the soil by either the movement of the body or through the use
of the mandibles (Larson et al., 2000). Pupation within a constructed cell occurs and
individuals eclose into an adult (Larson et al., 2000). Adult dytiscids can stay within the
cell for a long period of time before returning to the water, allowing for possible
dormancy during dry or winter periods (Larson et al., 2000). Although this pattern is
shared among all dytiscids, developmental details (e.g., time to pupation, location of
pupation, habitat requirements) for most dytiscid species are unknown. This creates
difficulties when attempting to form a direct association between larval and adult
populations. Although this dissociation may seem trivial, studies have suggested that
there are connections between the outcomes of larval dytiscid competition and later adult
dytiscid competition, pointing to a notable relationship between the two stages
(Zimmerman, 1959; Juliano & Lawton, 1990b). However, it is possible that the
knowledge of processes affecting one life history stage (e.g., adults) may be of practical
importance to understanding other stages (e.g., larval stages).
Both the larval and adult dytiscid stages are highly predaceous, and consume a
wide variety of invertebrates, such as copepods, mosquito larvae, and chironomid larvae
(Zimmerman, 1960; Larson et al., 2000; Kehl & Dettner, 2003; Aditya et el., 2006; Yee,
2010). Larger species of dytiscids can also consume small vertebrates such as tadpoles or
fish (Larson et. al, 2000). Predation and cannibalism between dytiscid larvae, between
dytiscid adults and larvae, and, though rare, between dytiscid adults have also been
documented (Zimmerman, 1960; Yee, 2010).
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Figure 1. Laccophilus proximus (Top) and L. fasciatus rufus (Bottom). Photo was
taken with a Zeiss Axiovision ICcl scope camera at 10.4x magnification (K. Pitcher).

Study Species
Species of dytiscids within the genus Laccophilus are widely distributed
worldwide (Zimmerman, 1960). Two species, Laccophilus fasciatus rufus Aube and

Laccophilus proximus Say can be found throughout most of the eastern United States,
and are especially prevalent in a variety of aquatic habitats found within Southern
Mississippi (Zimmerman, 1960; Pitcher & Yee, Unpublished data). Laccophilus

fasciatus rufus and L. proximus adults range from 4.3-5.2 mm and 3.8-4.6 mm,
respectively (Epler, 1996; Larson et al., 2000). Both species have unique yellow and
black colored elytra with distinct patterns (Fig. 1). Beyond more subtle morphological
differences, the most notable difference between these species is a transverse dark band
located near the apex of the elytra that occurs in L. f rufus, but is absent in L. proximus
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(Epler, 1996; Larson et al., 2000). These two species overlap in the same temporary
habitats during several times of the year, and have shown a weak although significant
positive correlation in their densities within temporary habitats (Fig. 2) (Zimmerman,
1960). However, the specific mechanism(s) that explains the apparent coexistence of
these two morphologically similar species is unknown.
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Figure 2. Results of linear regression comparing Laccophilus fasciatus rufus abundance
and L. proximus abundance in tire rut and ditch habitats (n = 34, F 1, 32 = 8.95, P = 0.0053)
Research Questions
The goal of this study is to understand the mechanism(s) that lead to the apparent
coexistence of L. proximus and L. f rufus in temporary bodies of water in Southern
Mississippi. There are multiple hypothesized mechanisms that may explain this
interspecific coexistence. The first, which I will refer to as the larval equilibrium
hypothesis (LEH), is that the majority of competition among individuals occurs during

14
the larval stages, which reduces competition among adults (Zimmerman, 1959; Galewski,
1971 ; Larson, 1985; Juliano & Lawton, 1990). Unfortunately, interspecific competition
is difficult to observe with L. proximus and L. f rufus larvae, as their larvae cannot be
identified to species at this time. However, it is possible to indirectly support the LEH if
it can be shown that neither competition for food, nor interspecific avoidance occur at
natural adult densities. If the LEH is true for L. proximus and L. f rufus, then these
species would only exhibit competitive interactions at adult densities much higher than
what would occur naturally (i.e., those densities that are a consequence of larval
competitive interactions). Thus, I will look specifically at several hypothesized
mechanisms of adult dytiscid coexistence that are independent of the larval stage.
Several studies have hypothesized that niche differentiation is the driving
mechanism for adult dytiscid coexistence, and have suggested that communities of
dytiscids are species rich due to niche specialization among adults (Zimmerman, 1960;
Larson, 1985; Juliano & Lawton, 1990a). Other studies have shown that certain species
of dytiscid larvae exhibit different habitat domains (Yee, 2010). By occupying and
utilizing different aspects of a habitat during foraging or predator avoidance within the
same habitat, larvae may reduce negative interactions (Yee, 2010). Behavioral
differences may also occur for adults and be a mechanism to explain coexistence. Thus,

L. f rufus and L. proximus may coexist by exhibiting different behaviors related to
feeding or spatial locality within aquatic habitats.
A second possible explanation for coexistence between these species is that adult
L. f rufus and L. proximus may display different dispersal behaviors that are cued either

by interspecific competition, overall density, or interspecific predation. When compared
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to other Laccophilus species, L. proximus appears to be more of a pioneer species
(Balfour-Browne, 1950; Young, 1954), spreading rapidly to suboptimal habitats that are
possibly, as a tradeoff, devoid of other Laccophilus species. This may suggest that other
species ( e.g., L. f rufus) are better competitors for resources than L. proximus; L.
proximus may be actively finding new habitats to avoid competition with L. f rufus,
which suggests that there is interspecific avoidance during the adult stage of these
species. However, the significant positive correlation between L. f rufus and L.
proximus, although weak, (Fig. 2) does not seem to support this explanation.
A third possible explanation is that density plays a role in dispersal as a
mechanism to reduce competition, although it may instead be that L. proximus responds
more to overall dytiscid densities than to other species per se. In this case, another larger
species, (e.g., Thermonectus nigrofasciatus basilaris, 8.1-10.7 mm in length), may elicit
interspecific behaviors that trigger the dispersal of L. proximus and L. f rufas. Such
dispersal in response to different genera may occur, (1) to protect Laccophilus larvae
from predation by larger larvae or adults, (2) to reduce predation on adult Laccophilus by
larger adult species, or (3) to reduce competition for resources between Laccophilus and
larger dytiscid species. A fourth possibility involves predation between the two species
of Laccophilus. Although interspecific predation between these two species has not been
observed, cannibalization has been commonly observed for the species Laccophilus
maculosus (Zimmerman, 1960). Thus, it is possible that conspecifics or closely related
species, such as L. f rufus and L. proximus, may exhibit intra- or interspecific predation.
Any of the three mechanisms above would be evidence against the larval
equilibrium hypothesis. If competition between Laccophilus has been reduced during the
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larval stage, there should be minimal competitive interactions between adults. Therefore,
it is important to compare intra- and interspecific adult interactions to determine if
competition is present, and if so, whether it is based on multiple species interactions or on
overall adult density. In order to determine which of these aforementioned mechanisms
best explains the coexistence of L. proximus and L. f rufus in temporary habitats this
study attempts to, (1) quantify differences in behavior (e.g., foraging activity, physical
location) of adult L. proximus or L. f rufus under intraspecific and interspecific
situations, (2) quantify competitive outcomes based on shared prey for adult Laccophilus

fasciatus rufus and Laccophilus proximus, (3a) determine if dispersal of adult
Laccophilus proximus or Laccophilusfasciatus is affected by intra-, interspecific, or
overall densities, and (3b) determine if adult L. proximus dispersal is affected by the
presence of another larger dytiscid species (Thermonectus nigrofasciatus basilaris).
Significance of the Study
This study will assist in elucidating the mechanism(s) affecting intra- and
interspecific interactions between L. f rufus and L. proximus. In a broader sense, it may
also act as a comparative case study for possible interactions within the majority of
species in the family Dytiscidae. A better understanding of the interactions for multiple
dytiscid species in turn should assist in the understanding of their seemingly non-random
assemblages of adults (Vamosi & Vamosi, 2007). For practical purposes, knowledge
concerning dytiscid community structures and that of other aquatic predators should
facilitate the understanding of dynamic biotic interactions within a variety of aquatic
systems, both lentic and lotic, and their effect on overall trophic structure and
biodiversity within entire meta-populations or ecosystems.
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CHAPTER II
HABITAT DOMAIN AND LOCAL BEHAVIORAL MECHANISMS
Introduction
Understanding the spatial distribution patterns of species within habitats is a
central focus of ecology, especially in aquatic ecosystems (Larson, 1985; Juliano &
Lawton, 1990a; Kholin & Nilsson, 1998; Heino, 2001; Garrido & Munilla, 2007; Vamosi

& Vamosi, 2007). To understand what controls the spatial distribution patterns of species
it is important to understand the environmental and behavioral processes that constrain
them. Several theories, including niche theory and neutral theory, attempt to explain the
spatial distribution patterns of species by using general processes such as resource
competition. Niche theory states that species only coexist when their resource
requirements (e.g., space, food) differ enough to prevent their local extinction
(Hutchinson, 1957; Chase & Leibold, 2003). Stated another way, competitive
interactions among species should be reduced as they divide into separate niches,
eventually allowing the coexistence of these species. To quantitatively infer why
coexistence does or does not occur among species, the degree of niche overlap, either
represented with theoretical n-dimensional hyper volumes (Hutchinson, 1957) or
quantitatively illustrated with Lotka-Volterra zero net-growth isoclines (Chase &
Leibold, 2003), can be used. However, neutral theory claims that species can occupy the
same niche (i.e., can be ecologically equivalent) and still coexist (Hubble, 2005, 2006).
In the case of neutral theory, random stochastic events, rather than niche differentiation,
are the mechanisms that sustain non-random distributions of species within and among
habitats (Hubble, 2005, 2006). The influence of neutral processes on the formation of
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non-random species patterns are supported theoretically using null models that have more
ecological detail added to them until the patterns of coexistence among species are
explained (Hubble, 2005, 2006). Although these theoretical frameworks are important,
the precise mechanisms of niche differentiation (e.g. , habitat segregation, resource
competition, behavioral interactions) are usually not all investigated in detail. However,
understanding the precise mechanisms of niche differentiation may be important when
determining what contributing processes are important for explaining species
distributions.
Predatory aquatic insect communities in ephemeral habitats are a unique system
for studying the mechanisms of niche differentiation. These communities have relatively
high biodiversity within a small habitat area and thus often contain a number of species
interactions (Batzer & Wissinger, 1996; Schneider, 1997; Wilbur, 1997; Scher & Thiery,
2005). These interactions, (e.g., predation, competition) occur both within and among
habitats, and can be affected by multiple processes at multiple scales; therefore a variety
of coexistence, co-occurrence, and exclusion patterns of predatory aquatic insect species
can result (Larson, 1985; Kholin & Nilsson, 1998; Heino, 2001; Binckley & Resetarits
2007; Garrido & Munilla, 2007; Resetarits & Binckley, 2009). Unfortunately, the use of
theory in explaining the spatial or abundance distribution of these predatory species may
be difficult under some circumstances. For example, many aquatic insects, especially
predators, are generalists, have overlapping resources and exhibit complex dispersal
behaviors (Lundkvist et al., 2002; Rundle et al., 2002; Yee et al., 2009). These traits
suggest that the niches of these aquatic insects are dynamic and as such may be difficult
to identify or quantify (Juliano & Lawton, 1990b). Even if the niche is identified, niche
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theory may still fail to accurately predict coexistence of these predators when the
underlying mechanisms that influence coexistence (e.g., behavioral interactions, habitat
interactions) are not properly understood (Juliano & Lawton, 1990b). Therefore,
determining the specific underlying behavioral mechanisms sustaining niche
differentiation among co-occurring species may be required to understand why certain
aquatic predators coexistence when more simplistic theoretical explanations fail to
explain the pattern.
Members of the family Dytiscidae (Order: Coleoptera) are one example of a
group of predators that occur in ephemeral aquatic habitats where coexistence, cooccurrence, and exclusion patterns are not always easily explained by general ecological
theory, but may be illuminated through empirical study (Juliano & Lawton, 1990a,
1990b). The family Dytiscidae (a.k.a. predaceous diving beetles) is made up of
approximately 4,000 species of generalist aquatic predators that commonly interact and
are known to exhibit non-random assemblages (Juliano & Lawton, 1990a, 1990b; Kholin
et al., 1998; Garrido & Munilla, 2007; Vamosi & Vamosi, 2007). However, the
mechanisms that sustain these non-random assemblages have only been investigated in a
few studies (Zimmerman, 1959, 1960; Juliano & Lawton, 1990a, 1990b; Yee et al.,
2009). Mechanisms such as spatial segregation among or within habitats, or temporal
segregation among seasons are thought to sustain co-occurrence among four adult
dytiscid species in the genus Laccophilus (Zimmerman, 1959, 1960). Specifically, it has
been shown that Laccophilus undatus, L. maculosus, and L. fasciatus rufus have different
peak abundances at different times of the year in Indiana, USA, suggesting temporal
segregation that allows temporary overlap of these species (Zimmerman, 1960).

20

Laccophilus undatus is also spatially segregated from L. proximus and L. f rufus by
depth, with the former occupying the deeper region of the same habitats (Zimmerman,
1959).
Character displacement, has also been suggested as a mechanism driving
community patterns, with species of similar morphology excluding one another within
habitats (Juliano & Lawton, 1990a, 1990b). This distinct difference in morphology
among species is present in dytiscid communities found in more permanent habitats and
is thought to reduce competition (Juliano & Lawton, 1990a). However, in ephemeral
habitats morphologically similar species are observed to co-occur, yet do not exhibit
resource competition (Juliano & Lawton, 1990b). In this case slight morphological
differences among these similar species are not a sufficient explanation for their cooccurrence, although other mechanisms, such as differences in prey preference or
behavior, may exist (Juliano & Lawton, 1990a, 1990b).
Segregation of habitat domains (i.e., the interactive space utilized by an organism)
is another mechanism thought to promote the coexistence of multiple predators within a
habitat (Schmitz, 2007). By adopting different hunting modes or hunting locations within
the same habitat, multiple predators may be able to coexist even though similar food
resources are being exploited (Schmitz, 2007). A recent study using larvae of multiple
dytiscid species suggests that segregation in habitat domain may sustain co-occurrence
between larval dytiscid species within habitats (Yee, 2010). Separation in habitat domain
between larval dytiscids has been observed and may reduce negative interactions as well
as prevent competitive exclusion from occurring (Yee, 2010). However, this idea has not
been tested for adult dytiscids.
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To further investigate the mechanisms sustaining the co-occurrence of adult
dytiscid species, I decided to focus on two of the four species studied by Zimmerman
(1959, 1960), Laccophilusfasciatus rufus and L. proximus. Laccophilusf rufus and L.

proximus are abundant and ubiquitous throughout Southern Mississippi, are similar in
morphology and size, and are positively correlated with one another throughout
ephemeral habitats based on their abundance (Fig. 1, Fig. 2). This suggests that these two
species should theoretically exhibit strong interspecific interactions. The potential for
strong interspecific interactions also suggests that some form of niche differentiation may
exist between these two species. Because these species are very similar in size and
morphology, co-occurrence due to character displacement would seem insufficient to
explain co-occurrence patterns (Juliano & Lawton, 1990b). The fact that both species of
beetle sporadically co-occur across seasons and within the same habitats also suggests
that seasonal segregation would not be adequate in explaining their co-occurrence (Fig.
2) (Zimmerman, 1960). This leaves either among or within habitat segregation as likely
mechanisms. Possible mechanisms of among habitat segregation will be addressed in a
subsequent chapter, whereas differentiations in behaviors, habitat domains, and predatory
abilities are the focus of this chapter. As previously mentioned, interspecific differences
in habitat domains have only been identified in dytiscid larvae (Yee, 2010), although
differences in habitat domains may also explain the co-occurrence pattern of adults
beetles.
The goal of this study was to observe and compare the behaviors of adult L. f

rufus and L. proximus to identify differences in their habitat domains, behaviors, and prey
consumption rates as a way to quantify niche differences. I hypothesized that L. f rufus
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and L. proximus exhibit different behaviors and habitat domains, and as a result do not
exhibit competition for prey within aquatic habitats. Based on niche theory, any
significant difference in any of these attributes between these two species may reduce
their interspecific interactions and, as a result, allow for their co-occurrence. I predicted
that, (1) L. f rufus and L. proximus would occupy different locations in the aquatic
habitat, (2) both species would also behave differently from one another in the aquatic
habitat, and (3) either species would not have decreased prey consumption rates as a
result of interspecific interactions.
Methods
Beetle Collection and Storage
Laccophilus f rufus and L. proximus adults, and Aedes vexans (Diptera:

Culicidae) larvae were collected from temporary aquatic habitats in proximity to
Hattiesburg, Mississippi from March to May, 2010. Aedes vexans, a natural food source
of both species of Laccophilus (personal observation) were reared to 4th instars in the lab
before being used. After collection, I separated individual beetles into 400 ml tripor
beakers containing 200 ml of deionized (DI) water, 100 ml of filtered pond water, and a
wooden tongue depressor that acted as an artificial perch. Beakers were covered to
prevent beetles from dispersing. Beetles were kept in an environmental chamber at 23 °C
on a 14: 10 light: dark cycle. In order to standardize hunger I initially fed beetles five
Aedes vexans 4th instar mosquito larvae and then starved them for 24 hours. Individuals

were in the lab for no more than 26 hours before use. I released individuals after they
had been used in a single experiment, and relocated them to habitats far removed from
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where they were originally collected to prevent their recapture and reuse in subsequent
runs of the experiment.
Microcosm Setup

I used identical aquarium microcosms for the behavioral and prey consumption
experiments. Microcosms were plastic aquaria (20.3 x 12.7 x 12.7 cm) containing a sand
bottom (15 mm deep), 850 ml of filtered pond water, and 1700 ml of DI water. Three 8.9
cm long Ludwigia palustris cuttings were placed within the sand substrate to act as
natural perches. Ludwigia palustris was chosen based on personal field observations as
well as other studies that record both species of Laccophilus commonly interacting with
this plant species in natural aquatic habitats (Zimmerman, 1959, 1960). Between
replicates I emptied the entire contents of the aquaria and rinsed both the aquaria and the
plant cuttings. I heated the sand at 80 °C for a minimum of 24 hours to minimize
possible chemical stimulants being transferred between replicates.
Quantifying Behavior

Six treatment levels were used (R = L. f rufus, P = L. proximus): IR, IP, 2R, 2P,
IR + IP, IP + IR. To identify the focal individual in the high intraspecific treatments I
randomly marked one of the two conspecifics with a silver Sharpie® on the ventral side
of the abdomen. I then randomly assigned each of the treatments to one of six aquarium
microcosms. After introduction into aquaria, beetles were given five minutes to
acclimate before observations began. Instantaneous scan censuses were then performed
simultaneously on the six aquaria every minute for 30 minutes by the author. At each
time, position, location, and activity of each focal individual was recorded. The position
categories were: (1) top, beetle in contact with the water's surface, (2) middle, beetle in
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contact with the aquarium wall, on a perch, or in the water column, and (3) bottom, beetle
in contact with the sand substrate. The location categories were: (1) perch, beetle in
contact with the L. palustris cuttings, (2) wall, in contact with the aquarium wall, and (3)
space, beetle not touching wall or perch. Activities were categorized as either resting or
swimming. In the high intraspecific treatments (2P, 2R), only the marked or unmarked
individual was observed, and in the high interspecific treatments, only the first species
listed in the treatment was observed. After the initial 30 min period, each aquarium
received 20 4th instar Aedes vexans larvae. At this point, each beetle was given another
five minutes to acclimate, and I then repeated scans for another 30 min. This procedure
was repeated 13 times over the course of a month using new beetles for each replicate.
However, because of beetle mortality in treatment lR + lP during an experimental run,
an entire replicate was discarded, resulting in only 12 replicates.
Because the behavior data did not meet the assumptions of normality, I performed
an arcsine-square root transformation. Transformed data were reduced using principle
component analysis (PCA) in order to reduce behaviors down to fewer uncorrelated axes
(McCune & Grace, 2002). I kept only those principal components with eigenvalues > 1.0
(McCune & Grace, 2002). PC scores were used in a three factor multivariate analysis of
variance (MANOV A) with species, beetle density combinations, and food as independent
factors, Sharpie® marking as a random block, and the retained PC scores as dependent
variables. The purpose of the MANOVA was to test if there were any interactions among
species, treatment, and food levels, and if there were significant differences in behaviors,
(1) between the two species, (2) between the six treatment levels, or (3) between the two
food levels. Analyses were implemented in SAS® (SAS, 2004).
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Quantifying Inter- and Intraspecific Competition
After 24 hours of starvation, beetles were dried with a towel and weighed to the
nearest 0.1 mg using an Ohaus® Explorer Pro microbalance (Ohaus Corporation, Pine
Brook, NJ). Weighed beetles were then randomly placed into five treatment levels: lP,
lR (hereafter low density), 2P, 2R (hereafter high intraspecific density), and lP + lR
(hereafter interspecific density). Treatment levels were then randomly assigned to an
aquarium. Based on densities in the field, (6-7 L. f rufus and < 1 L. proximus per 1000 1
of water, personal observation) two individuals in 300 ml of water were likely to be a
high density. I then added 50, 4th instar Aedes vexans larvae into each aquarium. To
determine if change in mass was a good indicator of prey consumption for each species, a
control was established for the low density treatments in which no A. vexans larvae were
offered. After five hours I removed the beetles, hand dried and re-weighed each
individual, and counted the number of remaining A. vexans larvae in the aquaria. Change
in mass was calculated for each individual. Two replicates of each treatment were run at
a time, except for a final run in which only one replicate was performed. In total there
were 13 replicates for each treatment, except the high interspecific treatment which was
only replicated 12 times due to insufficient A. vexans larvae.
To ascertain if mass change was a good indicator of prey consumption, I first
determined if there was a significant increase in mass between the low density and no
food control treatments. Because both low density and control treatments of L. f rufus
met statistical assumptions, a two sample, one tailed, pooled t-test was used to test the
null hypothesis that the mean mass change in the control treatment was less than or equal
to the mean mass change in the low density treatment. Control samples of L. proximus
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had a non-normal distribution. Therefore, a non-parametric Wilcoxon Rank Sum test
(Zar, 2010) was used to test the null hypothesis that the mean population mass change in
the control treatment was the same as the mean population mass change in the low
density treatment. Although the goal was to look for the effects of density and
competition on both species of Laccophilus, only L. f rufus showed a significant effect of
mass change due to prey consumption. Thus, all subsequent analyses tested the effects of
density and competition on L. f rufus. To determine if feeding rates were different
between the two species, I compared the number of mosquitoes consumed between the
low density treatments as a surrogate for change in mass. Samples of the number of
mosquitoes consumed by L. proximus in the low density treatments had a non-normal
distribution. Because of this, I ran a non-parametric Wilcoxon Rank Sum test to test the
null hypothesis that the mean number of mosquitoes consumed by L. f rufus was the
same as the mean number of mosquitoes consumed by L. proximus in the low density
treatments. All tests were run in JMP® version 8.0.1.
Density. Assumptions of normality and equal variance were met for both samples

in the low and high L. f rufus treatments. To test for the effects of density on the mean
mass change of L.f rufus I performed a one factor analysis of variance (ANOVA) with
density as an independent factor and day of experimental run as a random block. The
purpose of the ANOVA was to determine if mean mass change of L.f rufus in the low
density treatment was significantly different from the high density treatment after
accounting for the day the experiment was run. All analyses were performed in JMP®
version 8.0.1.
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Competition. Asswnptions of normality and equal variance were met for L. f
rufus in the high intraspecific and high interspecific densities. To test for the effects of

competition on mean mass change of L. f rufus, I performed a one factor ANOVA with
presence of inter- or intraspecifics as an independent factor and day of run as a random
block. The purpose of the ANOVA was to determine if the mean population mass
change of L. f rufus in the high intraspecific density treatment was significantly different
from the high interspecific density treatment after accounting for the day the experiment
was run. All analyses were performed in JMP® version 8.0.1.
Quantifying Food Limitation in Nature

To determine if Laccophilus are competing for food in nature, I tested if food was
a limiting factor. Twenty-one field collected L.f rufus and L. proximus were weighed to
the nearest 0.1 mg to establish their wild mass. Another sample of beetles were starved
for 24 hours and then fed on Hikari Bio-Pure® Blood Worms until satiation. To
determine satiation, I initially provided the beetles with 10 4th instar dead chironomid
larvae that were individually separated from frozen blocks ofHikari Bio-Pure® Blood
Worms. After three hours I removed and replaced any conswned chironomid larvae so
that the density was maintained at 10 prey items. This was repeated every hour for the
next two hours until nine to ten unconswned prey remained in the cup. In total, 20 labfed L. f rufus and 19 lab-fed L. proximus were weighed to the nearest tenth of a
milligram. To determine if there was a significant difference in mean mass between the
beetles caught in the field and those satiated in the lab, a two-tailed, pooled t-test was
performed for each species after asswnptions were met. All analyses were performed in
JMP® 8.0.1.

28
Results
Quantifying Behavior
PCA reduced the three locations, three positions, and two activities down to two
PC axes that accounted for 83.3% of the variation (Table 2). Individuals with positive
scores on PCl were associated with the bottom or top of the aquarium, on a wall or in
space, and they exhibited swimming behavior. Individuals with negative scores of PCl
were associated with the middle of the aquarium or a perch and tended to rest (Table 2).
PC2 separated beetles into those that occupied the top or in space (positive values) from
those in the middle of the aquarium (negative values) (Table 2). MANOVA results of the
PC 1 and PC2 values showed no significant effect of species, treatment, or prey on the
behaviors of either species of Laccophilus (Table 3).

Table 2. Principle component analysis results for behaviors of Laccophilus fasciatus
rufus and L. proximus in an instantaneous scan census experiment testing the effects of
density/competition and prey on behavior (position, location, and activity). Behaviors
with loading values 2'.: 40 are shown. Proportion of variance and cumulative variance that
each component explains are also shown.

PC

Eigenvalue

Prop.
variance

Cum.
Variance

Behavior

PCl

4.885

0.611

0.611

+ (Bottom, Top, Wall, Space,
Swim),- (Middle, Perch, Rest)

PC2

1.780

0.222

0.833

+ (Top, Space), - (Middle)
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Table 3. Multivariate analysis of variance results for the effects of species, beetle
density combinations, and prey presence on the habitat domain and behavior of
Laccophilus fasciatus rufus and L. proximus. Standardized Canonical Coefficients

(SCC) are provided.
df

Effect
Species
Treatment
Prey
Species x Treatment
Species x Prey
Treatment x Prey
Species x Treatment x Prey

2
4
2
4
2
4
4

Pillai's Trace
0.01
0.06
0.03
0.04
0.01
0.03
0.05

sec

P-value
0.7263
0.0768
0.1012
0.2685
0.6536
0.4027
0.1909

PCl
0.20
-0.03
0.99
1.02
- 0.19
0.91
0.84

PC2
1.00
1.01
0.17
0.01
0.98
0.47
0.59

Quantifying Inter- and Intraspecific Competition

Mean mass change was not significantly different between L. proximus in the low
density and control treatments (S = 131.5, df = 24, P = 0.19) (Table 4). However, mean
mass change was significantly different between L. f rufus in the low density and control
treatments (t = 2.48, df = 24, P = 0.021) (Table 4). Specifically, L. f rufus had a higher
increase in mass in the low density treatment compared to the control (mean ± SE, low
density 0.4 ± 0.1 mg, control 0.0 ± 0.1 mg). The number of prey consumed by L.
proximus (mean± SE, 3.1 ± 0.50) and L. f rufus (mean ± SE, 4.0 ± 0.50) did not differ in

the low density treatments (S = 142, df = 24, P = 0.08). Because only L. f rufus showed
a significant mass change response due to prey consumption, all subsequent analyses
concerning mass change were performed on L. f rufus only.
The results of the one factor ANOVA for the effects of density on mass change of
L. f rufus showed no significant difference in mean mass change between the low density

and high density intraspecific treatments (R2 = 0 .25, F 1,2s = 1.71 , P = 0 .21 ). The results
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of the one factor ANOVA for the effects of competition on mass change of L. f rufus
also showed no significant difference in mean mass change between the high density
intraspecific and the high density interspecific treatments (R2 = 0.33, F 1,24 = .17, P =
0.69).

Table 4. Mean mass change to the nearest .1 mg of Laccophilus fasciatus rufus (R)
and L. proximus (P) in the absence and presence of food, conspecifics, and
heterospecifics. Mean mass change of L. proximus in the presence of conspecifics and
heterospecifics are not reported due to the non-significant effect of prey consumption
on the mass change of L. proximus.

Treatment
lP (no food)
lR (no food)
lP
lR
2R
lR + lP

N
13
13
13
13
13
12

Mean change in mass ± SE (mg)
0.0 ± 0.1
0.0 ± 0.1
0.2 ± 0.1
0.4 ± 0.1
0.1±0.1
0.0 ± 0.1

Quantifying Food Limitation in Nature
Mass of L. f rufus and L. proximus in the wild and in the lab each met the
assumptions of normality and equal variance. Mean mass of wild and lab fed L. f rufus
(mean ± SE, Wild= 8.25 ± 1.58, Lab = 8.61 ± 1.08) were not significantly different (df =
39, t = - 0.82, P = 0.41) (Fig. 3). Mean population mass of wild and lab fed L. proximus
(mean ± SE, Wild= 5.60 ± 0.65, Lab= 5.71 ± 0.71) also were not significantly different
(df = 38, t = - 0.51 , P = 0.61) (Fig. 3).

31

12
10

Lab

• Wild

8

'M
:::

6
,r.
,r.

I

6

(,::;

:E
4
2
0
L.p

L.fr
Species

Figure 3. Comparison of mean mass between wild and lab fed Laccophilusfasciatus

rufus and between wild and lab fed L. proximus. No significant difference was detected
for either species
Discussion
Mechanisms for distributional patterns of aquatic insect communities are
commonly assumed to be based on competitive interactions with niche differentiation
assumed to be a main mechanism sustaining coexistence among species (Crowley &
Johnson, 1982; Juliano & Lawton, 1990a, 1990b; Briers & Warren, 1999; Vamosi &
Vamosi, 2007; Gilbert et al., 2008). However, this study suggests that niche
differentiation between two co-occurring species of adult predaceous diving beetles may
either be difficult to recognize, or may not be an adequate explanation for the cooccurrence pattern of the species investigated. In the lab, neither L. f rufus nor L.

proximus exhibited behavioral differences in the presence or absence of conspecifics,
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heterospecifics, or prey (Table 3). These result suggests that both species are
behaviorally similar and do not change behaviors in response to potential intra- or
interspecific competition. My results also suggest that the habitat domains of L. f rufus
and L. proximus are not significantly different, and that the two species may share habitat
domains that are not altered in the presence of conspecifics or heterospecifics (Table 3).
However, spatial or behavioral differentiation may still be present between L. f rufus &
L. proximus and were simply not detected due to either the scale or artificial nature of the

aquaria used in my experiment. The size of the aquaria used in this study may have been
too small to elicit normal behaviors from either species of Laccophilus, which may
spatially segregate when given a larger habitat. The size of the aquaria may have also
been too large to detect spatial niche separation between two individuals. Using smaller
sized aquaria or higher beetle densities may have forced L. f rufus and L. proximus to
interact more frequently and elicit a stronger spatial avoidance or behavioral
differentiation between the two species in order to reduce interactions. However,
densities of beetles used in this experiment (1 -2 L. f rufus and 1-2 L. proximus per 2.550
l of water) were substantially greater than the average densities of both species collected
from multiple aquatic habitats in the field using a D-net (6-7 L. f rufus and < 1 L.
proximus per 10001 of water, personal observation). This suggests that the size of the
aquaria and number of beetles was likely adequate in eliciting a behavioral response
between either conspecifics or congenerics. Another possible shortcoming may have
been the constant depth and lack of edge habitat within the aquaria. Although a constant
depth and lack of edge habitat may be similar to tire rut habitats where both species of
Laccophilus can be found, it is very different from more natural ephemeral pools where
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depth is more variable, and Laccophilus are more frequently abundant (personal
observation). Both L. f rufus and L. proximus are known to frequent the edges of aquatic
habitats, and the absence of this habitat feature in the aquaria may have resulted in
behaviors or habitat domains different from those observed in the wild (Zimmerman,
1959, 1960). Other artificial features (e.g., plastic aquaria, lighting regimes) may have
also contributed to potentially different behaviors then those found in nature of either L.

r. rufus or L. proximus.
If the behaviors of Laccophilus observed in this study are assumed to be natural,
then the fact that L. f rufus exhibited no change in mass gain due to the presence of intraor interspecific competitors illustrates that at least this species is not affected by potential
resource competition with L. proximus. Furthermore, because this study shows no
significant difference in prey consumption rates of L. proximus and L. f rufus when they
are alone, and their behaviors are the same regardless of intra- or interspecific
competition, one could make a plausible prediction that competition for food is not
occurring between these two species. If both Laccophilus species seem to occupy a
similar habitat domain, exhibit similar behaviors, and have similar consumption rates of
the same prey resources, why do they not exhibit competition?
One possible explanation is that each beetle species has a different prey
preference. Prey preference may reduce competition for similar resources, and thus allow
them to co-occur. However, both species of Laccophilus have been observed to consume
similar prey (Zimmerman, 1959); although detailed feeding trials are necessary to
corroborate this observation. If corroborated, this may suggest that segregation in prey
preference is an unlikely mechanism allowing co-occurrence of these two generalist
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predators. Another explanation is that although L. f rufus and L. proximus have similar
behaviors and overlapping habitat domains conducive for strong competition, neither is
limited by resources in the wild (Juliano & Lawton, 1990b). Because resources are not
limited, competition never comes to fruition, and both species can co-occur. My study
comparing wild and lab fed L. f rufus and L. proximus supports this hypothesis,
suggesting that food resources are not limited in the wild (Fig. 3). Thus, it may be the
case that these two very similar species of Laccophilus exhibit traits that would make
them seem highly competitive, but they co-occur because they are not limited by food
resources and competition is not realized. Although my study suggests that prey is not
limited for either species of beetle (Fig. 3), they may be limited at other times of the year,
especially during the extreme winter or summer months when habitats or food are less
abundant. Competition may occur between these two species during these harsh seasons
when food is more limited, and therefore niche differentiation may occur between these
two species at these times in order to prevent their own local extinction (Zimmerman,
1959, 1960). Niche theory suggests that the apparent overlap of L. proximus and L. f

rufus in behavior, habitat domain, and prey preference observed in this study is not stable
(Hutchinson, 1957; Chase & Leibold, 2003). However, studies suggest that this degree
of niche overlap among adult dytiscid species is not uncommon in more ephemeral
habitats where dytiscid species of similar size often co-occur (Zimmerman, 1959, 1960;
Juliano & Lawton, 1990a, 1990b). It is hypothesized that the realized degree of niche
overlap among species of adult dytiscids within ephemeral habitats is reduced either due
to limited interspecific interactions because of low adult densities, or because of the
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stochastic nature of the ephemeral habitats that may prevent long term competition over
food (Juliano & Lawton, 1990a, 1990b).
Although food is a primary driver of competition, aquatic organisms may also
compete over space for either protection from predators or for breeding habitat
(Zimmerman, 1959, 1960; Yee et al., 2009; Yee, 2010). Because ephemeral aquatic
habitats commonly exsiccate multiple times over the year in southern Mississippi,
predator free space and breeding habitats may be a coveted resource among adult
dytiscids (Schneider & Frost, 1996). If competition for space does occur between these
two species, another potential mechanism of co-occurrence may be depth segregation
within habitats (Zimmerman, 1959, 1960). Depth segregation was not investigated in this
study, but it has been shown to be important for co-occurrence in some Laccophilus
(Zimmerman, 1959, 1960). For instance, L. undatus (a species not found in Mississippi)
is found more frequently in deeper habitats away from the pond edge, while both L. f
rufus and L. proximus are found more frequently in shallow habitats close to the pond

edge (Zimmerman, 1959). Although depth segregation between L. f rufus and L.
proximus has not been observed, a difference may be detectable at a finer level of detail.

For example, during sampling of temporary aquatic habitats for this study, I have
observed that L. proximus is commonly located in close proximity to the edge of the
aquatic habitats, while L. f rufus is often found farther from the edge. This qualitative
observation of depth segregation may also be a matter of context. As mentioned before,

L. undatus is known to segregate into deeper habitats from L. f rufus and L. proximus,
but this has only been observed in Indiana (Zimmerman, 1960). Therefore, L. f rufus
may be occupying an empty habitat niche that the absence of L. undatus or other species
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creates in this study region. More specific sampling in the field or the use of aquaria with
varying depths in the lab may be beneficial in elucidating this potential division in habitat
domain between these two species of Laccophilus.
Coexistence between L. f rufus and L. proximus adults may also occur due to
previous competition during their larval stages (larval equilibrium hypothesis [LEH],
Zimmerman, 1959; Galewski, 1985; Larson, 1985; Juliano & Lawton, 1990b). The LEH
suggests that the majority of competition among individuals occurs during the larval
stage, and by the time each species' population reaches the adult stage larval competition
has reduced densities to a level where competitive interactions among adults are
minimized (Zimmerman, 1959; Galewski, 1971; Larson, 1985; Juliano & Lawton 1990b).
If the LEH is true for L. proximus and L. f rufus, then these species would only exhibit

competitive interactions at adult densities much higher than what would occur naturally
(i.e., those densities that are a consequence of larval competitive interactions). Therefore,
natural densities of adults should not elicit changes in behavior, competition for food, nor
should interspecific avoidance occur. In my study, I attempted to use densities higher
than those found in nature in order to force a competitive response. The fact that
competitive effects were still not observed is, at most, not inconsistent with the LEH
because larval competition can still only be assumed. Unfortunately, interspecific
competition at the larval stage is difficult to test with L. proximus and L. f rufus, because
larvae can only be identified to genus with current keys (Larson, 2000). Until such keys
can be generated, the LEH will have to remain an open possibility to explain co-existence
of L. f rufus and L. proximus.
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Our study illustrates that habitat or behavioral segregation, or differences in prey
consumption are likely not mechanisms perpetuating the coexistence of L. f rufus and L.

proximus (Zimmerman, 1959, 1960; Juliano & Lawton, 1990b; Yee et al., 2009; Yee,
2010). However, as mentioned above, there are a number of other possible mechanisms
that can be tested in order to understand what is sustaining the co-occurrence of these two
species of Laccophilus. Understanding the mechanisms that drive coexistence or
exclusion among dytiscids is not only important for understanding how non-random
dytiscid assemblages sustain themselves, it may also be useful in explaining the
interactions of other aquatic predators, as well as other aquatic or terrestrial organisms
with apparent overlapping niches and similar morphologies. By understanding the
mechanistic processes behind exclusion, co-occurrence, and co-existence among different
species, community structure and trophic interactions can be better understood. In turn, a
better understanding of community patterns and trophic structures is integral for
fashioning detailed theoretical explanations that describe how the spatial distribution
patterns of communities sustain themselves over time.
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CHAPTER III
DISPERSAL MECHANISMS
Introduction
A central assumption in niche theory is that species with closely overlapping
resources and habitats should have strong competitive interactions (Hutchinson, 1957;
Chase & Leibold, 2003). These strong competitive interactions over time may result in
competitive exclusion, with the weaker competitor being excluded from a niche or driven
to local extinction if it cannot adapt (Hutchinson, 1957; Chase & Leibold, 2003). In
order for weaker competitors to avoid local extinction, species can undergo niche
differentiation that may reduce competitive interactions among species and thus may
permit their coexistence (Hutchinson, 1957; Chase & Leibold, 2003). Although niche
theory is well supported by both empirical and theoretical evidence (Chase & Leibold,
2003), alternatives have been suggested (Hubble, 2005, 2006; Leibold & McPeek, 2006).
Neutral theory suggests that two species that are ecologically equivalent (i.e., posses
fundamentally equivalent niches and competitive advantages), can coexist due to random
stochastic events (Hubble, 2005, 2006). Under neutral theory, random stochastic events
limit the effects of competition among species and competitive exclusion is avoided
(Hubble, 2005, 2006). Because competition is reduced, niche differentiation between the
competing species is not selected for and both species remain ecologically equivalent
within the same habitat for an indeterminate amount of time (Hubble 2005, Hubble
2006). Both niche and neutral theory are not necessarily mutually exclusive, spatial
distributions of species more likely form due to niche separation as well as random
stochastic events (Leibold & McPeek, 2006). In order to determine which of these
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theories best explain the coexistence of species, it is first necessary to empirically
understand the precise mechanisms that sustain coexistence on a case by case basis.
Effects of competitive interactions at the population level may justify the continued
coexistence or exclusion of species, but it does not always illustrate the exact
mechanism(s) that sustains this distributional pattern (Hart & Marshall, 2009). It is
important to understand the precise mechanism(s) of coexistence because they may help
in creating more descriptive theoretical explanations of why non-random spatial
distributions of species exist in nature.
Ephemeral aquatic habitats offer a unique experimental arena where mechanisms
of coexistence can be explored. Ephemeral aquatic habitats, due to their small size,
stochastic nature, and relatively diverse assemblage of aquatic insects, exhibit a
substantial amount of species interactions within a small, well defined area (Batzer &
Wissinger, 1996; Schneider, 1997; Wilbur, 1997; Scher & Thiery, 2005). These confined
species interactions form a number of coexistence, co-occurrence, and exclusion patterns
that are driven by multiple mechanisms, among numerous aquatic habitats (Batzer &
Wissinger, 1996; Schneider, 1997; Wilbur, 1997; Scher & Thiery, 2005). Distribution
patterns of aquatic insect species among ephemeral habitats have been investigated
thoroughly (Larson, 1985; Kholin et al., 1999; Elmberg et al., 2000; Heino, 2001; Schafer
et al., 2006; Garrido & Munilla, 2007), but the underlying mechanisms that create these
non-random patterns have not been extensively explored (Resetarits, 2001; Rundel et al.,
2002; Yee et al., 2009). This lack of direct empirical evidence for these mechanisms is
likely due to sampling constraints and the current inability to track individual organisms
across a landscape. However, among-habitat mechanisms may have a significant
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influence on the distribution and subsequent coexistence of species both within habitats
and across landscapes (Velasco & Millan, 1998; Resetarits, 2001 ; Rundel et al., 2002;
Binckley & Resetartis, 2007; Resetarits & Binckley, 2009; Yee et al., 2009).
Dispersal is thought to be one of the primary mechanisms driving the spatial
distribution patterns of aquatic insect species that inhabit permanent and ephemeral lentic
habitats (Velasco & Millan, 1998; Resetarits, 2001; Rundel et al., 2002; Yee et al., 2009).
A number of insect families are known to actively disperse and colonize as adults among
these lentic habitats (e.g., dytiscids, odonates, corixids, notonectids, culicids) (Velasco &
Millan, 1998; Lundkvist et al., 2002; Rundle et al. 2002; Blaustein et al., 2004; Binckley

& Resetartis, 2007; Resetarits & Binckley, 2009; Yee et al., 2009). Some of these
aquatic insects may also exhibit habitat choice, using both biotic and abiotic habitat
information as a cue for dispersal, colonization, or oviposition throughout a landscape;
they may, for example, respond to factors such as the presence of predators or
competitors (Rundle et al., 2002; Blaustein et al., 2004; Binckley & Resetartis, 2005;
Carlson et al., 2009; Resetartis & Binkley, 2009). This behavioral choice may allow
dispersing aquatic insects to selectively avoid both conspecifics and heterospecifics, and
as a result directly reduce competitive interactions (Rundle et al., 2002; Blaustein et al.,
2004; Binckley & Resetartis, 2007; Carlson et al., 2009; Resetartis & Binckley, 2009).
Because dispersal and colonization may reduce or alleviate competition among species,
non-random dispersal behavior may be important in sustaining non-random assemblages
of coexisting aquatic insects within ephemeral aquatic habitats (Blaustein, 1998;
Resetarits, 2001 ; Binckley & Resetarits, 2007; Resetarits & Binckley, 2009; Yee et al. ,
2009).
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Predaceous diving beetles (Coleoptera: Dytiscidae) are one example of a group of
predatory aquatic insects that actively disperse as adults and are known to form nonrandom assemblages within aquatic habitats (Rundle et al., 2002; Bowler & Benton,
2005; Vamosi & Vamosi, 2007). The dispersal response of adult dytiscids is thought to
vary among species, and has been hypothesized as one of the potential mechanisms that
may sustain coexistence among multiple dytiscid species (Rundle et al., 2002; Bowler &
Benton, 2005). Seasonal succession among adult dytiscid species (i.e., staggered peak
abundances of multiple species at different times of the year) is thought to temporarily
sustain coexistence/co-occurrence of adult dytiscids during certain times of the year by
reducing the occurrence of intra- and interspecific interactions (Zimmerman, 1959,
1960). Seasonal migrations between ephemeral and permanent aquatic habitats have also
been observed for a few adult dytiscid species (e.g., Frenando, 1958). This migratory
behavior may directly reduce competitive interactions in the spring and fall when
permanent habitats have become over crowded during the summer seasons when
ephemeral habitats were exsiccated (personal observation). Continuous dispersal among
ephemeral and permanent aquatic habitats has also been observed in some species of
adult dytiscids and is another potential mechanism sustaining coexistence year round
(Batzer & Wissinger, 1996; Velasco & Millan, 1998; Davy-Bowker, 2002). Short-term
dispersal behavior of adult dytiscids is thought to be instigated by colder temperatures or
exsiccation of ephemeral habitats (Batzer & Wissinger, 1996; Velasco & Millan, 1998;
Davy-Bowker, 2002). It has also been hypothesized that temporary aquatic habitats may
act as refuges from competitors and predators for dytiscids, or are optimal breeding and
feeding habitats that can be selectively utilized by dytiscid adults (Schneider & Frost,
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1996). Therefore, dytiscid species that are weaker competitors in more permanent
habitats may be able to increase their populations within these refuge habitats where
interspecific competition may be reduced. These weaker competitors can re-colonize
permanent habitats from temporary refuge habitats, and form an apparent pattern of cooccurrence with stronger interspecific competitors. Overall, the observed dispersal
behaviors of dytiscids suggest that this behavior is non-random and may directly reduce
the degree or duration of competition among conspecifics or heterospecifics within
ephemeral habitats, resulting in coexistence or co-occurrence.
Unfortunately, the effect of competitive interactions on the dispersal response of
adult dytiscids has not been thoroughly investigated (Yee et al., 2009). Two species of
adult dytiscids, Graphoderus occidentalis and Rhantus sericans, have been shown to
exhibit elevated rates of dispersal in response to increasing intraspecific densities (Yee et
al., 2009). It is suggested that dispersal responses of adult dytiscids may be affected by
the presence of conspecifics, but it is still not clear if intra- or interspecific competition is
playing any part in this response (Yee et al., 2009). Other studies have hypothesized that
interspecific interactions may elicit a dispersal response among dytiscids (Zimmerman,
1959, 1960). For example, Laccophilus undatus, L. maculosus, and L. fasciatus rufus
have been observed to co-occur but also exhibit different peak abundances within the
same habitats at different times of the year in the state of Indiana (Zimmerman, 1960). A
fourth species, L. proximus, exhibits a randomized distribution over all seasons
(Zimmerman, 1960). It has been hypothesized that this observed pattern of seasonal
segregation is driven by different breeding and emergence times of these three species
(Zimmerman, 1960). However, the difference in peak abundance was observed among
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the three adult dytiscid species only within six ponds (Zimmerman, 1960). Therefore, it
is possible that if more habitats were observed, these species of Laccophilus may be
found to co-occur throughout the seasons, but are actively dispersing among aquatic
habitats in an attempt to avoid potential intra- or interspecific competition (Zimmerman,
1960).
For this study, I investigated the competitive relationship of two of the four
species Zimmerman (1959, 1960) studied in Indiana that are also found in Southern
Mississippi, Laccophilus fasciatus rufus and L. proximus. Both L. f rufus and L.

proximus are found in similar habitats and are positively correlated based on abundance
(Fig. 2). Because both species are also morphologically similar and do not seem to
exhibit seasonal segregation (Fig. 1, Table 1), it is expected that they exhibit interspecific
competition (Zimmerman, 1960). Although my previous chapter suggests that intra- and
interspecific competition are low or absent between these two species, and that these two
species do not exhibit obvious niche differentiation within habitats, my results did not
completely rule out the possibility that both species of beetle compete over space. If
these two species of Laccophilus do in fact compete over habitat space, they may exhibit
dispersal avoidance in order to alleviate competition for this limiting resource.
Therefore, I hypothesized that intra- or interspecific densities may affect the dispersal
rate of L. f rufus and L. proximus. In this study, I attempted to quantify the dispersal
response of L. f rufus and L. proximus in the presence of conspecifics, congenerics, and
heterogenerics. I predicted that either species will show an increased dispersal response
in the presence of its congener. I also predicted that the dispersal response of either
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beetle species will be species dependent, (i.e., dispersal response in the presence of
conspecifics will be different than in the presence of congenerics or heterogenerics).
Methods
Mesocosm Setup
The study site was located at the University of Southern Mississippi Science Park,
approximately three miles from Hattiesburg, MS (31 °21 ' 12" N, 89°21 '35" W). The area
around the site is bordered by open field, which is subsequently surrounded by pine forest
on the north, east, and south perimeters. The west/southwest perimeter is bordered by a
road and another open field. I set up 10 plastic mesocosms (91.5 x 61 x 20.3 cm) on a
concrete slab covered with 55 % shade cloth approximately 2 m above each mesocosm.
Each mesocosm was filled with city tap water to a depth of 16 cm. This depth was
maintained by adding tap water 12 hours before each run of the experiment; this resulted
in a continuous volume of approximately 89 L within each mesocosm, for each replicate.
I also added 2 L of filtered water from a nearby pond in order to establish a microbial
community. Two hundred grams of Ludwigia pa/ustris were added into each of the
ponds after being collected from nearby aquatic habitats and thoroughly rinsed in order to
remove any invertebrates. Ludwigia palustris was chosen because it is commonly found
in the same habitats as both species of Laccophilus (Zimmerman, 1960; personal
observation). After set-up mesocosms were covered with no-seeum mesh for 72 hrs to
prevent insect colonization and in order to let abiotic factors and microbial communities
establish before the first run of the experiment. Each mesocosm was placed at least 2.2 m
from a neighboring pond in an attempt to prevent cross contamination of beetles from
dispersal or colonization. The experiment ran from May 7th till June 7th, 2010.
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Beetle Collection and Storage
Adult Laccophilusf rufus, L. proximus, and Thermonectus nigrofasciatus

basillaris (a larger species of dytiscid) were collected using a D-net from temporary
aquatic ponds and ditches in proximity to Hattiesburg, MS. I separated individual beetles
into 400 ml tripor covered beakers containing 300 ml of water collected from the
artificial mesocosoms and filtered through a 150µm sieve. A wooden tongue depressor
was also added as an artificial perch. I stored all beetles in incubators set at 23 °C on a
14:10 light: dark cycle. In order to standardize hunger for all experiments, beetles were
fed at least five mosquito larvae (Aedes vexans) and then starved for 24 hours.
Individuals were in the lab < 26 hours before use. Individual beetles were used only once
and were released off-site to minimize their recapture.

Determining Dispersal Response
After the initial 72 hour acclimation period, I added 50 Aedes vexans (Diptera:
Culicidae) mosquito larvae and one block ofHikari Bio-Pure® Blood Worms into each
of the ten ponds as a standard food source. I established two replicates of five treatments
(R = L. f rufus, P = L. proximus, T= T n. basillaris): 4R, 4P, 2R + 2P, 2P + 2T, and a
control (no beetles). Because these densities (.045 beetles per L of water) are higher than
those found during sampling (.0065 L.f rufus and < .001 L. proximus per L of water), I
expected to elicit a dispersal response. Only L. proximus was paired with T. n. basillaris
based on a previous study that suggests L. proximus is more likely to respond to a
competitor than L. f rufus (Zimmerman, 1959). As such, the L. proximus and T n.

basillaris treatment was deemed adequate to test for a general response to a larger species
of dytiscid without the need for a sixth L. f rufus x T n. basillaris treatment. The control
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was established to determine if non-target species were colonizing the experimental
mesocosms.
Treatments were randomly assigned to each of the ten mesocosms. The
mesocosms were then covered with no-seeum mesh in order to prevent the beetles from
dispersing immediately. After one hour of acclimation, the mesh was partially removed
and beetles were given 24 hours to disperse; this period would have likely limited
colonization by non-target organisms. In an attempt to prevent study beetles from
colonizing neighboring experimental mesocosms and confounding results, I left a quarter
of each mesocosm covered, on the side facing a neighboring mesocosm.
Water depth was measured after 24 hours, at which time beetle densities were
determined. I collected the remaining beetles by emptying the contents of each
mesocosm through a large sieve made of no-seeum mesh. I assumed there was minimal
colonization of non-target dytiscids, as no beetles were collected from the control
treatments. However, three individual Hydaticus bimarginatus were found within
experimental mesocosms during three separate runs. In another single case, an individual
L. f rufus was recovered in a 4P treatment. Because my study focused on the interactions

between L. f rufus and L. proximus, the presence of L. f rufus in the 4P treatment was
considered a notable contamination, and the replicate was discarded before analysis.
Plant material and filtered pond water were reused throughout the experiment and
mesocosms were left covered between runs. In total, the experiment was run eight times,
with two replicates per run, resulting in an n = 16 for each treatment level, except the 4P
treatment level which had 15 replicates.
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Because the number of beetles dispersing or remaining is a binary response
variable, binomial regression was used to model the data for beetle dispersal. Unlike
analysis of variance (ANOVA), binomial regression assumes a binomial relationship
instead of a normal distribution of probabilities (Zar, 2010). In this case, a standard
binomial regression examines the response variable (disperse vs. remain) as a result of
the treatment and the final fitted model describes the proportion of beetles dispersing.
However, a binomial regression makes the assumption that observations are independent
from one another, an assumption likely violated in this case because individuals cooccurred within a given pond. Therefore, a beta-binomial regression was used because it
accounts for multiple beetles dispersing from a single pond (Venables & Ripley, 2003).
The beta-binomial regression assumes the number of beetles dispersing (y) is
drawn from a binomial distribution, y - binomial (n, 1) (Venables & Ripley, 2003). In
this case, n is the number of beetles in a given pond, and A is the mean probability of a
beetle dispersing and is a function of the treatment (Venables & Ripley, 2003). The A
value therefore follows a beta distribution as it varies among ponds. When 1 is over
dispersed (i.e., highly variable), it indicates that variability among beetles within a
mesocosm is less than the variability among mesocosms (Yee et al., 2009). An additional
parameter <p, which measures the degree of correlation within a group of beetles in a
single pond, is a way of correcting the amount of variability explained by the model
(Venables & Ripley, 2003). If <p = 0, this would suggest that individual beetles respond
independently because it indicates that variability within mesocosms and between
mesocosms is comparable (Venables & Ripley, 2003).
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To determine the significance of beetle density combinations on dispersal rate, I
used a two-way analysis of deviance (ANO DEV), using experimental pond as a block.
ANODEV was used instead of ANOV A, because ANODEV allows for specification of
non-normal distributions of error, which is common when using a binomial distribution
(Quinn & Keough, 2002). In order to calculate changes in model deviance, I included an
effect last in a model that already contained the other explanatory variables and was
removed from interactions. Significance of effects was determined using chi-square tests
on likelihood ratio statistics (02) using appropriate degrees of freedom (Quinn & Keough,
2002). In order to determine differences among treatments, I preformed multiple one
factor ANODEVs making pair wise comparisons between treatments 4P and (2P + 2T),
4P and (2P + 2R), 4P and 4R, (2P + 2R) and (2R +2P), and 4R and (2R + 2P). Because
multiple statistical comparisons were preformed, a Bonferroni correction (final a= 0.01)
was used to determine significance (Holm, 1979). All analyses were done in R© version
2.10.1 using the "aod" package (http://www.r-project.org).
Results
Values of <p were all significantly different than zero (P < 0.001), which suggests
that variability within and among ponds was not the same, and that the individual beetles
did not act in an independent fashion. There was an overall significant effect of beetle
combination treatments on beetle dispersal (Table 5). There was no significant effect of
conspecifics (4P, 4R), congenerics (2P + 2R, 2R + 2P), or heterogenerics (2P + 2T) on
dispersal response (Table 5). However, there was a significant difference in dispersal
response between the two species in the intraspecific treatments, with L. proximus
dispersing more than L. f rufus (Table 5, Fig. 4). The dispersal proportions were not
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significantly different between the two species in the interspecific treatments, but did
approach significance (Table 5, Fig. 4).

Table 5. Analysis of deviance results for the overall effect of beetle density combinations
on dispersal response as well as individual comparisons of between-treatment dispersal
responses of Laccophilus fasciatus rufus (R) and L. proximus (P). Thermonectus

nigrofasciatus basilaris (T) was used for the heterogeneric treatment.
Factor

DJ

G2a

P-value

Treatment

74

97.1

0.0165*

29

50.4

0.7204

29

45.7

0.0898

29

33.7

0.0025*

29

33.2

0.0316

29

21.4

0.9916

Conspecific vs. Heterogeneric
4P vs. 2P + 2T
Conspecific vs. Congeneric
4P vs. 2P + 2R
Conspecific vs. Conspecific
4P vs. 4R
Congeneric vs. Congeneric
2P + 2R vs. 2R + 2P
Conspecific vs. Congeneric
4R + 2P vs. 2R
a Deviance values
Bonferroni corrected a. = 0.01.
* designates significance
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Figure 4. Proportion of Laccophilus fasciatus rufus (Lfr) and L. proximus (Lp) beetles
dispersing (mean± SE) from artificial pond mesocosoms at the University of Southern
Mississippi Science Park in Hattiesburg, Mississippi, USA in June 2010 in response to
competition treatment (intra = 4x conspecifics, inter= 2x conspecifics and 2x
congenerics, other = 2x conspecifics and 2x Themonectus nigrofasciatus basilaris).
Significance determined by analysis of deviance. Those with the same lower case letters
are not significantly different.
Discussion
My results suggest that L. proximus disperses more frequently than L. f rufus.
However, there appears to be no effect of conspecifics, congenerics, or heterogenerics on
the increased dispersal response of L. proximus. Therefore, it is unlikely that L. proximus
adults are dispersing in response to intra- or interspecific competition. Instead, L.
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proximus may be responding to either the overall beetle density, other biotic and abiotic

stimuli within the aquatic environment, or simply have a greater predilection for
movement out of habitats. Elevated intraspecific densities have been observed to
increase the dispersal response of dytiscids (Yee et al., 2009). In this study, only a single
beetle density was used (i.e., four individuals). The fact that densities were held constant
may explain why there were no significant differences among competition treatments and
may suggest that overall beetle density affects the dispersal of either species. However,
this potential relationship between beetle density and the dispersal response of L.
proximus or L. f rufus is not supported in this study because comparisons to other

densities were not attempted. Future studies using a response surface design, where both
multiple densities and competitive combinations are used would give stronger evidence
for an effect of beetle density on adult dispersal response (Inouye, 2001 ).
Another possibility for these results is that L. proximus is more responsive than L.

f rufus to abiotic or biotic factors other than competition or beetle density. Low plant
density has been shown to increase the dispersal of some dytiscid species (Yee et al.,
2009). It is possible that plant density in my experimental mesocosoms was a
contributing factor to the increased dispersal by L. proximus, but had little effect on L. f
rufus dispersal. The more frequent dispersal of L. proximus may also have been a

response to the lack of edge habitat in the artificial pond mesocosoms. Laccophilus
proximus and L. f rufus have been observed to frequent the edges of aquatic habitats

(Zimmerman, 1960), and L. proximus appears to do so to a greater degree than L. f rufus
(personal observation). Thus, L. proximus may have dispersed more frequently than L. f
rufus in this study because L. proximus favors and seeks out habitats with more edge,
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shallower depth, and higher complexity in the vegetation and sediment. Temperatures,
reduction in prey resources, or depth are other factors that may have prompted L.
proximus to disperse more frequently than L. f rufus (Balfour-Browne, 1950; Young,
1954; Zimmerman, 1960). It is also possible that the artificial nature of the mesocosoms
(e.g. constant depth, lack of shoreline, and plastic bottom) may have also prompted the
more frequent dispersal of L. proximus. However, if these or other abiotic and biotic
variables influence dispersal rate in L. proximus, then it remains unclear why L. f rufus
was less responsive than L. proximus.
One possible explanation for this difference is that L. proximus is simply more
responsive to environmental stressors (e.g., pollution, higher temperatures,
eutrophication, decreased food sources) than L. f rufus. Several observations suggest
that, when compared to other species of Laccophilus, L. proximus adults are among the
first to colonize recently formed aquatic habitats and also appear to favor spreading
rapidly to ostensibly suboptimal habitats (Balfour-Browne, 1950; Young, 1954;
Zimmerman, 1960). While newly formed habitats may be considered less hospitable
since their communities are not as strongly established, they may also offer benefits such
as newly emerged, unexploited prey resources and protection from predators that more
established habitats do not provide. It is also possible that L. proximus beetles exhibit an
innate behavioral affinity for dispersal that is independent from environmental factors,
and may explain why this species of beetle is sporadically found in both recently formed
and more established aquatic communities throughout a season (Balfour-Browne, 1950;
Young, 1954; Zimmerman, 1959, 1960).
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My findings are consistent with a number of other studies that suggest dispersal is
likely an important mechanism driving distributions of species within and among dytiscid
communities (Larson, 1985; Rundle et al., 2002; Bowler & Benton, 2005; Yee et al.,
2009). Although dispersal avoidance should result in an exclusion pattern, rather than a
co-occurrence pattern between the two species of Laccophilus, studies also suggest that
L. proximus has a randomized, nomadic dispersal response that may result in an apparent

pattern of co-occurrence between the two beetle species (Balfour-Browne, 1950; Young,
1954; Zimmerman, 1960). This randomized, nomadic dispersal response is supported by
observations over a yearlong sampling regime suggesting L. proximus exhibits a sporadic
appearance in ephemeral ponds (Zimmerman, 1960). Due to this nomadic behavior, L.
proximus may not be significantly affected by the presence of L. f rufus for an extended
period of time. As a result, these two species may have limited interactions, and a pattern
of co-occurrence is sustained across the landscape. Jumping between habitats would
come at a cost to L. proximus due to expenditure of energy, but the reduced time L.
proximus would have to interact or potentially compete with other aquatic predators for
resources may outweigh that cost. Although the previous chapter suggests that neither
species of Laccophilus competes for food, the hypothetical nomadic dispersal response of
L. proximus may be an alternative behavior that reduces competition for limited space

with conspecifics and heterospecifics during the summer season, when ephemeral
habitats begin to exsiccate. However, it is likely that L. proximus has an increased
dispersal response due to some unknown interactions with its environment that may or
may not be independent of competitive interactions.
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Although there are numerous additional mechanisms of niche differentiation that
may explain the co-occurrence pattern of L. f rufus and L. proximus, neutral theory offers
another explanation, and suggests that these two species may be able to coexist regardless
of the level of niche overlap that occurs (Hubbell, 2005, 2006). Neutral theory assumes
functional equivalence between species and states that coexistence and non-random
community structures can occur due to random stochastic events rather than niche
differentiation (Hubbell, 2005, 2006). Thus, both species of Laccophilus may co-occur
because of stochastic events, such as drying of ephemeral aquatic habitats, randomized
dispersal, or geographical barriers to dispersal at the meta-population level. Each of
these stochastic events may prevent superior competitors from occupying all habitats and
allow weaker competitors to exist in refuge habitats (Hubble, 2005, 2006). Studies would
need to investigate the population and meta-population dynamics of L. f rufus and L.
proximus to test these ideas.
This study illustrates that among habitat mechanisms of niche differentiation
between species may be simplistic and easy to hypothesize, but may be difficult to
quantify and interpret. My findings support the hypothesis that L. proximus has a more
sensitive dispersal response, but understanding the underlying stimulus that drives this
elevated response requires further investigation. Competition among conspecifics and
heterospecifics is commonly thought to be one of the most important determinant factors
in driving the coexistence of species (Connell, 1983; Schoener, 1983; Chase & Leibold,
2003). However, based on this study, competition does not seem to have a strong impact
on the dispersal behavior that may potentially be sustaining their coexistence. In order to
properly understand how species can sustain coexistence patterns, it is important to focus
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not only on competitive interactions, but also on local and landscape scale mechanisms.
Unless the dominant mechanisms of coexistence are empirically understood for specific
species, the population, metapopulation, and community relationships can be hard to
determine and the interactions both within and among species over time can become
difficult to predict.
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